Wild-caught deer mice (Peromyscus maniculatus) may harbor the highly pathogenic Sin Nombre hantavirus. Founding of new colonies of deer mice and use of the species indoors require that they first be shown to be free of the virus. We developed a safe and inexpensive outdoor facility for extended quarantine of deer mice. It consists of 34 self-enclosed artificial burrows (nest boxes) contained within a fenced enclosure (20 by 20 m). The nest box used in this study allowed us to maintain juvenile and adult wild-caught Peromyscus successfully for extended periods (Յ18 weeks) through fluctuating weather, including heavy rains, snow, and ambient temperatures of Ϫ7.6-41.1ЊC. Nest boxes were effective for protection against predators, and rodents were unable to escape. Outdoor standards for safe handling of wild hantavirus-infected rodents are applicable in this setting rather than those applying to laboratories intended for high-level biological containment. Use of such enclosures should facilitate the use of deer mice as experimental models in general and allow Peromyscus infected with Sin Nombre virus to be experimentally manipulated outside of a biological containment laboratory.
The deer mouse (Peromyscus maniculatus) occurs throughout most of the United States and Canada (Wilson and Reeder 1993) . In addition to being of considerable ecological importance, deer mice have many desirable properties as experimental organisms (Joyner et al. 1998; Kirkland and Layne 1985) . For example, a number of genetic loci and chromosomal markers have been developed and characterized in these mice (Dawson 1982; Dawson et al. 1983; Greenbaum et al. 1994) . Deer mice are useful experimental models for studies of mammalian thermoregulation, metabolism, alcohol catabolism, torpor, endocrinology, and immunology (Alderman et al. 1987; * Correspondent: bhjelle@salud.unm .edu Demas and Nelson 1998; Koteja 1996; Nestler 1992) . Members of the genus Peromyscus also have assumed a significant role in investigations of the ecology and host-parasite relationships of zoonotic diseases (Kosoy et al. 1997; Magnarelli et al. 1997; Walls et al. 1997) . Species of Peromyscus are reservoirs for important human pathogens, including the etiologic agents for Lyme disease, granulocytic ehrlichiosis, babesiosis, bartonellosis, and hantavirus cardiopulmonary syndrome.
With the discovery of the role of the deer mouse as a carrier of the highly pathogenic Sin Nombre (SN) hantavirus in 1993 (Childs et al. 1994; Hjelle et al. 1994b; Nerurkar et al. 1994; Nichol et al. 1993) , new guidelines for safe collection and handling of Peromyscus were promulgated by the United States Centers for Disease Control and Prevention (Centers for Disease Control and Prevention 1994; Mills et al. 1995a Mills et al. , 1995b . The new guidelines specified that wild-captured rodents be quarantined for 30 days before negative tests for antibodies to SN virus could clear them for use indoors (Mills et al. 1995a (Mills et al. , 1995b . If any animals housed together in quarantined cages are found positive, the entire collection should be destroyed. These guidelines made it considerably more difficult to develop new experimental uses for Peromyscus and other sigmodontine rodents other than those from existing virus-free colonies.
Most viral infections in mammals are characterized by an early phase of ''seronegative'' infection during which the virus is replicating actively in the host, sometimes reaching high infectious titers, but there are no detectable antibodies (McIntosh 1996) . Because detection of antibodies is the principal mechanism of diagnosis of viral infection, a deer mouse that tests ''negative'' for hantavirus (antibodies) could still be infectious. For this reason, a newly captured wild rodent cannot be considered uninfected by hantavirus until the animal has been held in quarantine long enough to develop detectable antibodies and then has been retested and found negative. The period of seronegative infectiousness is not known with certainty for SN virus but could be Ն3-4 weeks. During this period, a rodent potentially incubating SN virus should not be maintained indoors, where it might shed infectious virus in its urine, feces, or saliva. Because many human hantaviral infections have been transmitted accidentally by rodents in indoor colonies in overseas laboratories (Centers for Disease Control and Prevention 1994; Tsai 1987) , only the very strictest biocontainment facilities (biosafety level 4) are considered suitable for maintenance of hantavirus-infected sigmodontine rodents. In the United States, such laboratories are available only at the Centers for Disease Control and Prevention in Atlanta and at the United States Army facilities in Fort Detrick, Maryland. In outdoor settings, infected rodents are considered far less dangerous because the virus is dispersed in the wind and is inactivated by ultraviolet light (sunlight) . No human infections have clearly been linked to exposures to mice outdoors (Armstrong et al. 1995; Khan et al. 1996) .
Biosafety level 4 laboratories are extremely expensive to construct and maintain, and because there are very few of them, their experimental throughput is extremely limited. We wished to establish a reliable means by which potentially infected wild rodents, such as deer mice, could be held safely in outdoor quarantine for prolonged periods without risk of predation or death due to environmental extremes. Herein, we describe such a facility and provide data on its efficiency at maintaining hantavirus-infected and uninfected rodents.
MATERIALS AND METHODS
Study area.-The study area is located in desert grassland on the Sevilleta National Wildlife Refuge in central New Mexico. It is fenced along its perimeter, closed to public use, and patrolled daily. The climate is characterized by dry, cold winter months of December-February with a transition into the warmer, windy, but still generally dry spring period of March-May. Spring is followed by a hot, dry June and then a hot but wetter summer period of July and August. Summer precipitation occurs as brief but intense thunderstorms, often accounting for over half of the annual moisture. Autumn is characterized by moderate temperatures, with drying from October through November. Mean monthly temperatures range from Ϫ5ЊC during winter to 33.1ЊC in summer. Average annual rainfall is 289 mm, ranging from 190 to 404 mm.
Enclosure design.-We fenced an enclosure (20 by 20 m) with steel plates (1.5-by 3-m plates of 24-gauge galvanized steel) buried 0.6 m into the ground. The perimeter of the enclosure fence was first trenched to a depth of 0.6 m using a mechanical trencher equipped with a 15-cm blade. Steel posts (3.8 by 3.8 cm, 2.1 mm thick, and 2 m long), set at 3-m intervals, served as supports for the fencing and were buried into the trench allowing 1 m to protrude above ground. Steel plates were attached to the support posts using metal screws. The trench was backfilled and tamped. By burying the plates to 0.6 m and packing the soil, we sought to prevent animals from burrowing under the fence. To extend the height of the fence to 1.8 m, steel posts (3.2 by 3.2 cm, 2.1 mm thick, cut to 1.2-m sections) were inserted 30 cm into the original support posts and secured using metal screws. ''Squirrel guards'' (26-gauge steel, 30 by 30 cm) were attached to the posts using metal screws and fitted flush to the top of the plates to prevent mice from scaling the fence via the posts. Steelmesh fence (0.9 m high with 5-by 10-cm rectangles) was secured to the extension posts with bailing wire. Finally, a rectangular wood-frame door (1.5 by 0.9 m) was constructed using 60-by 120-cm wooden boards and covered with steel mesh fencing. The door was secured to the steel posts using metal screws. Biohazard signs were posted around the perimeter.
Nest box design.-Nest boxes were built in 2 main components ( Fig. 1) , an artificial burrow and a barrier surrounding the burrow to prevent free roaming throughout the enclosure. The barrier consisted of a 210-l metal trash can. The center of the trash can lid was cut out using tin snips leaving a 5-7-cm lip. Galvanized hardware cloth (0.63-cm mesh) was cut to fit the top of the lid. Holes were predrilled at 10-cm intervals around the lip of the trash can lid, and hardware cloth was secured to the lid using fender washers and machine screws. Two hinges were attached to the lid and to the can, 180Њ apart, so the lid could be secured to the can with clasps. A tractor with a 61-cm auger bit was used to dig holes, and the trash cans were inserted into the holes, with 15 cm of the can protruding above ground. the bottom of the trash can to provide drainage of water. Thirty-four trash cans were buried in the enclosure Ն3 m apart to reduce the chance of intercage transmission of hantavirus across the airspace (Gavrilovskaya et al. 1990) .
Artificial burrows were inspired by those of Kaufman and Kaufman (1989) but were modified to allow easier construction and cleaning (Fig. 2) . Each artificial burrow consisted of 2 19-l plastic buckets nested within each other, with a 10-cm-high crawl space created between the 2 buckets serving as the nesting area. Two holes, 4.5 and 5.4 cm in diameter, were drilled into the bottom of the top bucket and its lid, respectively, each near the edge. The bottom hole was covered with duct tape and an X-shaped slit was made in the tape. A 50-cm length of polyvinyl chloride (PVC) pipe (3.2 cm in diameter) was fitted with a rubber sleeve (part no. 3002-155, Fernco, Davison, Michigan) and a 45Њ PVC elbow at the top end. The 45Њ PVC elbow served as the entrance to the underground nesting area (Fig. 1B) . The top end of the pipe was fit into the hole made in the lid, allowing the rubber sleeve to create a watertight seal. Holes in the lid and the bottom of the bucket were arranged so that the pipe passed at an oblique angle from the top to the bottom (Fig. 2) . The bottom of the pipe was inserted through the bottom hole through the slits in the duct tape. The top bucket was filled three-quarters full with dirt to provide insulation, and the lid was secured to the top bucket. Duct tape was applied at the junction (seam) between the upper and lower buckets so that water could not enter.
To complete the nest box, the artificial burrow was set in the trash can to 1 side, positioning the top of the PVC elbow to sit 2-5 cm below the lip of the trash can lid. By placing the opening of the elbow under the lip of the trash can lid, rain was blocked from entering the pipe. The artificial burrow was buried in dirt up to the seam between the 2 buckets. A metal can (feeder device) was attached to the top of the hardware cloth. The feeder device consisted of a steel can (10.8 cm in diameter and 10 cm high) with a solid bottom and a removable lid. The center of the bottom of the can was cut with tin snips and removed, leaving a 1.2-cm lip. Four holes were drilled into the lip of the can at equidistant points, and bailing wire was used to secure the feeder to the hardware cloth. Directly under the feeder, several of the fine metal bars in the hardware cloth were removed to provide the rodent with easier access to the food. Two 24-guage sheet metal rectangles (9 cm long and 4 cm high) were bent inward so that each would snugly secure a 0.5-l glass water bottle (part no. 10718-320, VWR, Willard, Ohio). The sheet metal rectangles were bolted to the outside of the trash can. A hole was drilled into the side of the trash can under each rectangle so that the tubes providing water to the rodents were accessible from inside the nest box. Two water bottles were provided for each nest box.
Maintenance of rodents in nest boxes.-To prepare the nest box for an occupant, the feeder device was filled completely with commercial feed for rodents, allowing the rodent to gain access to the food through the hardware cloth. In rainy periods, food was placed underground in the nesting area, which kept it dry. Both water bottles were filled and set into holders in the trash can, with the tubes supplying water extending Ն1 cm into the trash can. Both polyester fiberfill and recycled paper (Care Fresh, Harlan, Madison, Wisconsin) were used for bedding. A handful of polyester fiberfill was placed both in the nesting area and above ground, directly under the entrance tunnel. The recycled-paper bedding was used to cover the nesting area to a depth of 5 cm. At this point, the nest box was ready for use by a rodent. If food was supplied using the feeder device, the quantity was sufficient for periods of Յ2 months. Alternatively, if the food supply was provided directly in the nesting area, 30-45 blocks of commercial rodent feed was sufficient for Ͻ2 weeks. If the rodent was pregnant or caring for a litter, food consumption roughly doubled. Nesting material was removed and replaced every 3 weeks for boxes holding an individual mouse and weekly for boxes holding 2 or more mice.
Cleaning nest boxes.-Cleaning the nest boxes required 2 11-l pneumatic epoxy sprayers, one filled with water and the other with a 1:10 dilution of commercially available bleach (sodium hypochlorite) in water. We removed the top 8 cm of dirt inside the trash can and replaced it with fresh dirt. We sprayed the PVC tunnel, the lid, and the sides and bottom of the upper bucket with 10% bleach. All bleached surfaces of the top bucket were then rinsed with water and allowed to air dry. We disinfected all inner surfaces and nesting materials within the bottom bucket with 10% bleach. All nesting materials were removed, and a sponge was used to remove the residual bleach solution. Inner surfaces of the bottom bucket were then rinsed with water two times, removing the liquid with sponges after each rinse.
Trapping of deer mice and collection of blood samples.-All handling of rodents was done outdoors according to guidelines established by the Centers for Disease Control and Prevention (Mills et al. 1995a (Mills et al. , 1995b . Sherman traps baited with commercial horse feed were set out in the evening and collected early the following morning. Workers wearing personal protective garments and respirators anesthetized rodents with methoxyflurane before collecting 70-150 l of blood into heparinized capillary tubes (Parmenter et al. 1998 ). Blood was stored frozen until tested for the presence of antibodies to SN virus by strip immunoblot assay. We placed both seronegative and seropositive mice in the quarantine facility.
Strip immunoblot assay.-A strip immunoblot assay was developed for detection of antibodies to SN virus (Hjelle et al. 1998 ). This testing was conducted in a laboratory under biosafety level 2 conditions. The strip immunoblot assay is minimally different in principle from previously described western blot methods (Hjelle et al. 1998; Yamada et al. 1995) . For the strip immunoblot assay, the viral nucleocapsid antigen is suctioned onto the nitrocellulose membrane under vacuum rather than transferred electrophoretically from a polyacrylamide gel with sodium dodecyl sulfate as denaturant. Two micrograms of highly purified recombinant nucleocapsid antigen of SN virus was diluted into 2 ml of water and vacuumed onto a wetted 8-by 10-cm nitrocellulose membrane (model BA 85, Schleicher and Schuell, Keene, New Hampshire). While still wet, the membrane was shredded lengthwise with a hand-held paper shredder into 1.6-mm-long strips, and the strips were stored in 5% powdered milk in a solution of phosphate-buffered saline (Hjelle et al. 1998; Yamada et al. 1995) . Each strip was placed into western blot wells (part no. 170-3902, Biorad Laboratories, Hercules, California) containing 1 ml of 5% powdered milk in a solution of phosphate-buffered saline and 2.5 l of blood from the periorbital sinus of the rodent. Membranes were rocked gently for 4-16 h at room temperature, allowing antibodies against SN virus to bind to the immobilized nucleocapsid antigen of SN virus. After 3 washes in a buffer of detergent-Tris, a 1: 1,000 dilution of anti-P. leucopus immunoglobulin G antibodies (labeled with alkaline phosphatase) was added and rocked gently for 1 h. After 3 more washes, membrane-bound alkaline phosphatase was detected with a chromogenic substrate (nitroblue tetrazolium and 5-bromo-4-chloro-3-indoyl-phosphate). Positive reactions were evident as darkly colored bands. A positive reaction reflects the binding of immunoglobulin G antibodies of Peromyscus to the immobilized nucleocapsid antigen of SN virus.
RESULTS
No rodents in the enclosures ever escaped, and there was no evidence of penetration by predators. In no case did we find rodents missing from their enclosed nest boxes. Although burrows occasionally appeared along the outer perimeter of the fence, a burrow never appeared on the inside. Baited snap-traps were placed on the inside perimeter of the enclosure for 4 months, but no animals were captured. Through routine maintenance, we prevented overgrowth of the outer fence by vegetation that may have provided a pathway for small animals to cross the fence.
Throughout the study, 110 wild-caught deer mice were maintained in the facility through all seasons (Table 1 ) with a mean stay of 32.3 days (range, 7-99 days). Seventeen of the 110 mice (15.5%) died while in quarantine. Cause of this mortality could not be ascertained, but in some cases it could have been related to stresses associated with trapping, processing, and transport to the facility. Six of the 17 deaths (35%) occurred within the 1st 10 days of introduction to the facility. Mortality was greatest in set 4, of which 7 of 18 died (39%). Several heavy rains occurred while this group was being housed, and the nest boxes allowed water to enter the nesting area through a gap that existed between the lid of the top bucket and the PVC pipe that ran through it. Five of the mice that died in set 4 were dams that had whelped litters while in the facility. The rain presumably produced especially stressful conditions in nests containing dams and pups, which may be immunocompromised relative to other mice. Leakage was eliminated before introduction of animals in set 5 by incorporating a rubber sleeve to fit over the section of PVC pipe, creating a water-tight seal as previously described. In set 5, 12 dams whelped litters while under quarantine. Three of the dams and 2 other mice died in set 5, resulting in an overall mortality of 14.7% (5 of 34 mice).
In addition to wild-caught specimens, 6 laboratory-bred deer mice, 4-6 weeks in age, were introduced into the facility for 5 weeks between 30 September and 14 November 1998; no mortality was observed. However, 9 4-5-week-old animals introduced from a colony in November died within 7 days, indicating that gradual temperature acclimatization or more advanced age will be necessary to move colony-bred animals to the facility during colder months.
Temperature extremes encountered by the deer mice included summer temperatures of 41.1ЊC and winter temperatures of Ϫ7.6ЊC. A heavy snowfall occurred in December 1997 and buried the nest boxes under 1 m of snow for 13 days, with no resulting mortality. Heavy rains also occurred in summer and autumn, but the nesting areas remained dry after incorporation of the rubber sleeve.
Five separate trapping expeditions were conducted to gather mice for introduction into a new colony. Quarantine was necessary to assure that none of the founders was incubating SN virus. From each trap site, mice that lacked SN virus antibodies at time of capture were quarantined in separate nest boxes for Ն5 weeks. After quarantine, a 2nd aliquot of blood from the periorbital sinus was drawn from each animal and tested for the presence of antibodies to SN vi-TABLE 1.-Mortality and period housed for deer mice maintained in 5 sets at a quarantine facility in New Mexico. Dates Ratio of number of dead mice to total number of mice housed in set; percent mortality in parentheses.
rus. Underlying seroprevalences of the 5 populations were 14.3% (n ϭ 7) at site 1, 23.3% (n ϭ 30) at site 2, 22.6% (n ϭ 53) at site 3, 18.2% (n ϭ 82) at site 4, and 15.8% (n ϭ 57) at site 5. Of 69 mice that were negative for antibodies to SN virus upon capture, only 1 mouse (1.5%) developed such antibodies while in quarantine. The single seroconverting animal was from site 3. Reverse transcription polymerase chain reaction performed on RNA extracted from the lung of that animal demonstrated the presence of viral RNA (Hjelle et al. 1994a) . Immunohistochemical staining of tissue from lung, heart, and kidney revealed viral antigen staining that was extraordinarily intense, consistent with acute viral infection (Green et al. 1998) . Tissues of that animal were infectious to other deer mice following intramuscular inoculation.
DISCUSSION
Our study demonstrates that wild-caught deer mice, both SN-virus infected and uninfected, can be safely maintained in outdoor quarantine. In addition, mice can be individually quarantined in this setting to identify those free of SN virus. Mice that are persistently negative then can be used to establish breeding colonies of deer mice or can be held in indoor facilities until needed. Although the mortality we observed was not negligible, several modifications to the system were made that may result in lower mortality in future studies. A rubber sleeve that prevented leakage of water through the gap between the lid of the top bucket and the PVC pipe was used to reduce mortality that occurred in set 4. We also changed nest bedding more frequently when introducing pregnant females into quarantine and increased our efforts to minimize the stress of capture, blood collection, and transport to the facility.
A single mouse that tested negative for antibodies to SN virus initially was, in fact, infected. By the time it was tested after quarantine, it had developed a detectable antibody response. Because all specimens were separated physically from other wild rodents during quarantine, this animal must have been infected before it was captured. If that mouse had been used to found a colony, it might have posed a risk to workers (Centers for Disease Control and Prevention 1994; Tsai 1987) . Because direct methods to detect infectious virus are insensitive or impractical, quarantine and retesting for antibodies are necessary to ascertain whether a given specimen poses a risk.
The finding of an infected but antibodynegative mouse reinforces the need to quarantine wild-caught deer mice to establish their true status of infection, especially when mice are to be used as colony founders. For studies wherein hantavirus-negative mice are euthanized upon capture, subsequent manipulation of the carcass or tissues should not be considered safe if the only screening done on these animals is a serological test. This screening method could miss the small percentage of mice that harbor high infectious titers of virus immediately before antibodies become evident.
We consider this facility safe, providing the precautions of biosafety as recommended by Mills et al. (1995a Mills et al. ( , 1995b for handling rodents potentially infected with hantavirus are strictly followed. The inherent properties of exposure to ultraviolet light and dispersal by wind are an ongoing means for decontamination of virus shed by animals under outdoor quarantine.
Our outdoor experimental facility can be used for vector-pathogen studies and other studies involving freshly captured sigmodontine rodents. A variety of experiments are now possible with SN virus that would otherwise require a biosafety level 4 laboratory. Establishing a model of infection for SN virus in deer mice would allow studies of the natural history and transmission of SN virus and the effects of the virus on health and fecundity of the reservoir rodent (Childs et al. 1989) .
